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SurmPar; 
Silicon carbide bas been used extensively as an 
abrasive, but only tn the last twenty-five years has 
its potential a= r: semiconductor been exploited. l'he 
rationale for SIC semiconductor-devices is their high 
temperature performance. Rectifiers, field effect 
transistors, charged particle detectors, and other 
devices operate efficiently at temperatures about 
800%. 
It is the purpose of this paper to examine the 
progress made in SIC devices in the 1953-1975 time 
frame and suggest reasons for the present lack of 
interest i ~ .   is unique material. The data given in 
this paper has been abstracted from previously pub- 
lished work. 
SIC is inert to nearly all laboratory reagents, 
and the usual techniques for chemical etchiej employ 
molten salt or salt mixtures (NaOH, Na20, borax) at 
- 
temperatures above 6-m°C. Electrolytic etchirg, suita- 
ble for p-type material and etching with gaseous chlo- 
rine near 1 0 0 0 ~ ~ ,  may also be used. 
The physica~ ~,:-dnes~ and chemical inertness im- 
pose great restraints on device iabrication techniques. 
Although SIC technology has progressed alonq the same 
lines as that of silicon, many techniques had to be 
developed which were peculiar to Sic and which inevi- 
tably made the fabrication more difficult and expen- 
sive. 
Methods of Preparatis 
The oldest and pernaps the best known wthod of 
Introduction 
- Sic crystal growth is the sublioxition method. This 
In the last s9vent> years, considerable use has technique uses the vaporization of a SIC charge at 
been made of the abrasive characteristics of silicon about 2500°2 into a cooler cavity with subsequent con- 
carbide (hereafter SIC); however. only recently were densation. Initially the charge formed its own cavity, 
(i-4) 
its potentialities as a semiconductor exploited. 
It is the purpose nf this paper to discuss SIC devices 
in the 1955-1975 time frame. Since Sic device proper- 
ties are jntimately ccnnected with its material proper- 
ties, cr!,stal growth and fabrication techniques wi-11 
also be discussed. Finally. I will suggest reasons it 
is no longer considered a viable product for exploita- 
t ion. 
The work discussed in this paper was performed at 
various industrial and college research laboratories. 
These proArams are no longer active, and there are no 
known plans or interest in I r i r  reactivation. 
Physical and Chemical Properties 
Silicon carbide exists in the hexagonal (a) and 
cubic (B) phases with the n phase occurring in a vari- 
- - .  
ety of polytypes. The vario"s forms of SIC have the 
largest energy gaps found in common semiconductor 
materials, ranging from 2.39 eV (cubic) to 3.33 eV (2Hk 
The bonding of Si and C atoms is basically covalent 
vith about 12% ionic bonding. The structures are tem- 
Derature stable below 18000C and thus form a family of 
semiconductors useful for high temperature electronic 
devices. Table 1 shows the lattice parameters and 
energy gap (O°K) for the commn polytypes. 
Tab19 1. L f t i c e  b t u t m  and be-y Gep of SIC Polycypoa 
l a t t i c e  P r u t e r m  
,a b.ra cap (0.K) Structure 
111 a - 1.0) . c 5.OW 3.33 
U a - 3.09 . c lO.03 3.26 
U a - 3.0817, c 15.A183 3.02 
3 1  3.01 
ra l - 3.07) . c 37.78 2.m 
2lm a - 3.079 , c 52.88 2 . Y  
. m 2.00 - 2.90 
die-k . - 4.3% 2.39 
but more uniform crystals are grovn when a thin graph- 
ite cylinder is used in the center of tt.e charge. This 
thin cylinder also reduces the number of nucleations so 
that fewer but more perfect crystals are grown. The 
crystals are grovn as thin hexagonal platelets, perpen- 
dicular to the growth cavity. Doped crystals, contain- 
ing p-n junctions, can be prepared by adding proper 
dopants to t h ~  ambient during grrvth. The power recti- 
fiers, to be described later, "ere prepardd by this 
method. 
Other methods of crystal growth are epitaxy, trav- 
eling solvent and solution growth. 
The hexa onal a phase is grown epitaxially from 8 172j0 to 1775 C with the cubic phase being grown from 
1660°C to 1700°C. In both cases, equA molar percent- 
ages of CC1, and SiC1, are used. Polished and etched 
9 - 9 
SIC crystal . were generally used as substrates althou~h 
Ayan and co-wcrkers at Ai-- Force Cambridge Research 
Laboratory have investigated the grmth of Sic onto 
carbon substrates using the hydrogen reduction of 
methyltrichlorosilane (CH3SiC13) (called the vapor- 
liquid-solid growth). A t  150Q°C, a-Sic whiskers on the 
order of 5 mm long by 1 nun diameter were grown. These 
whiskers were of the relatively rate 2H polytype. 
Sic crystals have been grown together, and p-n 
junctions formed by passing a heat zone through two SIC 
crystals separated by a solvent metal (traveling sol- 
rent?. The temperature gradient across the thin sol- 
vent zone causes dissolution at both solvent-solid 
interfaces. Hcwever, the equilibrium solubility of SIC 
in the snlvent is greater at the hotter interface. a 
concentration gradient is established. The solute. 
then, will diffuse across the liquid zone and precipi- 
tate onto the cooler crystal. In this wag, two dissimk 
lar conductivity type Sic crystals can be grown togeth- 
er. 
In the solution growth technique, a small amount 
of Sic is dissolved in molten Si (or in some cases Pe 
or Cr). Aa the melt is slowly cooled, the Si': becomes 
less soiuble; and SIC crystals nucleate and grow in the 
crucible on prepared graphite substrates. The grown 
crystals are normally of the 0-phase. Improvements in 
the crucible geometry and cooling rates have led to 
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cubic crystals up to 4 arm across and 0.1 Imn thick. 
With the use of pure starting materials and extensive 
degassing, quite pure crystals can be grown; and 
, 
electron mobilities of 500 cm' per volt-sec have been 
measured. 
Device Techniques 
The specific device techniques used will varv 
from device to device, and it is the purpose of this 
section to discuss fabrication methodc in a genercl 
manner. In later sections when the individual devices 
are described, any special techniques required will be 
discussed. 
The mechanical shaping of a hard crystal such as 
SIC is generally accomplished by scribing and breaking, 
lapping and polishing, ultrasonic cutting and air 
abrasive cutting. Boron carbide and/or diamond are 
used for these purposes since they are the only mate- 
rials sufficiently hard. 
Scr-bing the crys~al with a diam~nd point and 
breaking it along the scribe line can also be used. 
As gill be djscussed later, a number of field effect 
transistors were fabricated on a single crystal; and 
these transistors were separated by scribing. Obvi- 
ously this is bcst carrisd out on a scribing machine. 
All of these mechanical shaping operat!ons inevi- 
tably leave surface and bulk damage in the crystal. 
Some studies have indicated tnat the damage may propa- 
gate into the crystal by microcracks to a depth of tens 
of microns. For optimum device performance this dam- 
age must be removed, e -g . ,  bv chemical etching. 
The etching of Sic using molten salts has been 
described in detail by Faust in 1959. In his paper, 
Faust describes the side c ~ f  the SIC crystal which 
etches in a rough "wormy" pattern using molten salt on 
the carbon side and the side where the etch is smooth 
as the silicon side. This data has also been con- 
firmed by Brack in 1965, using X-ray techniques. 
Chang and co-workers studied the diffusion of 
aluminum into SiC from 17500C to 2100°~, using both 
closed tdbe and open tube flowing gas techniques. 
Since the SIC crystals will deco~pose at these temper- 
atures, it was necessary to provide an equilibrium 
pressure of Si and C vapor species aroud the crystals 
during the diffusion process. Griffiths In 1965 and 
Vodakov et a1 in 1966 reported further experiments 
using similar techniques. The activation energy for 
the diffusion of aluminum into SIC found in these 
three studies agreed within 5% (-4.8 eV). 
Further reEinements in unpublished work by Canepa 
and koberts of :he Westinghouse RCD Center restllting in 
junction depletion widths up to 25 VPI were obtained 
,sing a combination of infinite source and finite 
source diffusion techniques. 
Another technique is to use gaseous etching, e.g., 
C1 at 950°C to 1050°C (Thibault) or C12 + O2 at 1000°C 2 
(Smith and Chang). 
Characteristics of SIC Devices 
Figure 1 shows the reverse characteristics of the 
IV properties of a SIC rectifier prepared by the grown 
junction method, operating at one ampere and 30°C and 
5000C. The forward voltages cif these devices, even at 
500°C, are always larger than 1 volt (hfilf wave 
average). Thus far, rectifiers operatine to 10 A 
have been fabricated, and specially processed low 
600 PIV. The reverse characteristic of SIC rectifiers 
generally show c "soft" breakover, rather than the 
avalanche breakdown sometimes noted in silicon. This 
is eenerally attributed to tire carrier generation 
mecha.,'sm at t h ~  junction end to 1x81 areas breaking- - s down !ifferent voltages, so that the total effect is 
one 01 gradually increasing reverse current. 
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Figure 1. Representative properties of silicon carbide 
grown junction rectifiers - reverse charac- 
teristics 
Although very limited life test data have been ob-- 
tained for these grown junction rectifiers, a few de- 
vices have been operated at several amperes for up to 
200 hours at 500'~ in air, wCth no change in electrical 
characteristics. Devices operating at one ampere and 
using approximately the same encapsulation have been 
successfully life tested fur 1000 hours at 500°C. 
The operation qf a p-n junction nuclear particle 
or photon detector depends on the collection of elec- 
tron-hole pairs produced by the ionizing particle or 
photon as it passes through the detector. The elec- 
tron-hole pairs are separated in the junction region. 
collected, and give rise to a charge or voltage pulse. 
Silicon photovoltaic diodes have been developed for 
the detection of infrared and visible radiation. These 
diodes exhibit a sharp drop in response as the wave- 
length of the incident light approaches the ultraviolet 
region with most detectors sh~wing negligible response 
0 
below 3000 A. This decreasing response is due to the 
increase in the absorption csefficient with decreasing 
wavelength. A large absorption coefficient indicates 
nearly all the light will be atsorbed ac the surface of 
the device, and electron-hole pairs generated may be at 
a great distance from the p-n junction. Thus, surface 
effects, such as carrier recomb!nation, will decrease 
the response of the detector. 
current devices have exhibited reverse capability of 
72 
SIC, with a band gap nea r  3.0 eV, has  an  absorp- 
t i o n  c o e f f i c i e n t  s e v e r a l  o rde r s  o f  magnitude l e s s  Lnan 
0 
t h a t  of S i  a t  4000 A, and t h e r e f o r e  s u r f a c e  e f f e c t s  
would not  be  s o  impo-tant. Detectfirs have been pre- 
pared from SIC, and t t m e  devices  were found t o  have 
a s p e c t r a l  response which were a maxitllum i n  t h e  u l t r a -  
v i o l e t  region and which could be s h i f t e d  by varyinp 
t h e  junc t ion  depth.  
a r e  very  c l o s e  t o  t hose  p red ic t ed  from t h e  a - p a r t i c l e  
response t ak ing  i n t o  account t h e  d i f f e r e n t  d i s t r i b u t i o n  
i n  t h e  i nb iden t  energy. The SIC diode,  which had a 
peaked a-spect ra ,  a l s o  shows a peak f i s s i o n  product 
spec t r a :  i n  f a c t ,  t h e  l i s s i o n  s p e c t r a  of t h e  d iode  
r e s o l v e s  t h e  double peaks. 
U - Dartlcle Mer 
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A simple t h e o r e t i c a l  model was o r i g i n a l l y  der ived 
by Chang and Campbell which q u a n t i t a t i v e l y  expla ined 
the  dependence of t h e  peak wavelength on t h e  junc t ion  F~srion Prcduc:~ Spectrum 
depth and t h e  dep le t ion  width of t h e  diode.  Consid- 
ered  i n  t h i s  model were t h e  wavelength and temperature - I5 
dependences of t h e  abso rp t ion  c o e f f i c i e n t  i n  S i c  bc- 
low t h e  band edge. An approximation was made t h a t  a t  
t he  peak response wavelenr I t he  t o t a l  number of 
e lec t ron-hole  p a i r s  qeneratecl i n  t h e  d e g l e t i o n  l a y e r  
is a maximum f o r  a given i n t e n s i t y  of t r ansmi t t ed  
r a d i a t i o n  a t  t h e  su r f ac f  
Figure  2 shows t h e  v a r i a t i o n  of peak response 
wavelength ca l cu l a t ed  from t h i s  model. The curves  a r e  
sl~own f o r  va lues  o f  t h e  e f f e c ~ i v e  dep le t ion  width (w) 
from w = 1 micron t o  w = 1 0  microcs. 
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Figure 3. Comparison of a lpha  p a r t i c l c  and f i s s i o n  
f:agment count ing of s i l i c o n  ca rb ide  junc- 
t i o n  d iode  ( a f t e r  Canepa e t  a l )  
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Tunnel d iodes  i n  sic can be made by forming a 
.c - 
- 
a 
heavi ly  doped a l loved  junc t ion  i n  e i t h e r  n- o r  p-type 
0 1 0 - ~  degenerate SIC c r y s t a l s ,  us ing a very f a s t  a l l o y i n g  
- - 
cyc le  s i m i l a r  i n  p r i n c i p l e  t o  t h a t  o r i g i n a l l y  used t o  
u 
c produce Ge tunnel  d iodes .  Degenerate n-type SIC can 
3 
7 - be grown r e a d i l y  with heavy n i t rogen  doping. The 
p-type degc,~eracy i n  S i c  cannot be e s t a b l i s h e d  u n t i l  
t he  uncomprnzlted accep to r  l e v e l  approaches 102O - 
lo2' ~ m - ~ ,  which has not  been achieved. 
An operable  S i c  tunnel  d iode  was reportec! Ly Kutz 
i n  1964. The junc t ion  was -armed by a l l o y i n g  S i  i n  a 
n i t rogen-conta in ing atmosphere t o  very  heav i ly  X1- 
doped a-Sic c r y s t a l s  (4.5 x lo2' - 9 Y lo2' uncompen- 
--3 
s a t ed  accep to r s  cm ). The h ighes t  peak-to-valley 
Peak Wavelength. A cu r ren t  r a t i o  achieved was 1.37 a t  room tempera ture ,  but negat ive  r e s i s t a n c e  was observed a t  tempera tures  
Figure 2. Peak s p e c t r a l  response of s i l i c o n  ca rb ide  a s  h igh a s  500°C. The peak vo l t age  is  unusual ly  h igh,  
j unc t ion  diode a s  a func t ion  of j unc t ion  approxiivately 0.9V and 24'~. F igure  4 shows t h e  I V  
depth  ( a f t e r  Campbell and Jhang) c h a r a c ~ e c i s t i c s  of a SIC tunne l  d iode  a t  s e v e r a l  tem- 
pe ra tu re s .  
I n  a d d i t i o n  t o  t hese  photon d e t e c t o r s ,  S i c  dlode 
s t r u c t u r e s ,  s p e c i a l l y  prepared with graded junc t ions ,  
have heen used t o  d e t e c t  alprta p a r t i c l e s ;  and with t h e  
add i t i on  of a conversion l a y e r ,  thermal neut rons  harre 
been counted. 
The f i s s i o n  products  of U-235 i r r a d i a t e d  wi th  
thurmal neut rons  a r e  no t  unique but have a d i s t r i b u -  
t ior .  with two peaks occurr ing  i n  t h e  f i s s l o n  product 
mass d i s t r i b u t i o n  curve.  The t o t a l  energy l i b e r a t e d  
is  15' MeV wi th  peaks a t  66 and 91 MeV. f i g u r e  3 
shows a comparison of t h e  a lpha  and f i s s i o n  product 
s p e c t r a  f o r  a SIC diode .  Tihe f i s s i o n  products  s p e c t r a  
The channel dimensions and o t h e r  dev ice  dimensions 
i n  a SIC juqc t ion  g a t e  f i e l d  e f f e c t  t r a n s i s t o r s  a r e  
q u i t e  smal l  due t o  t h e  low c a r r i e r  l i f e t i m e  and cor- 
respondingly s h o r t  d i f f u s i o n  l eng ths .  Thus, t h e  fab- 
r icac ior .  qf t hese  dev ices  r e q u i r e  pho to l i t hog raph ic  
techniques.  Using a self--masked d i f f u s i o n  process  and 
gaseous e t ch ing  ( s s e  Figure  5 ) .  Chang e t  a 1  f a b r i c a t e d  
SLC FET's which exh ib i t ed  c u r r e n t  ga in  from room tem- 
pe ra tu re  t o  5 0 0 ~ ~ .  
A s i l i c o u  ca rb ide  the rmis to r  was descr ibed by 
C a m y ~ e l l  i n  1973. This  dev ice  t akes  advantage o f  t h e  
rxpoqen t i a l  decrease  i n  r e s i s t a n c e  of a SIC junc t ion  
Figure  4. I V  c h a r a c t e r i s t i c s  o f  s i l i c o n  ca rb ide  tunnel 
d iode from -1960C t o  4 0 0 ~ ~  ( a f t e r  Rutz) 
l a )  Section vim. oxide nask after photoresist etch 
P-tupe I 
lb) Following C l i O Z  etch and removal of oxide 
Ic) Following second diffusion af p-l.:, c mpurity 
Source Orain Ssrlrce 
I J - - I I 1 I Gate Gate I 
with temperature. Since t h i s  r e s i s t a n c e  c h a q r s  by a n  
o rde r  of  u g n i t u d e  f o r  every lWrC t c r p e r a r u r e  change. 
a change o f  a f eu  t en ths  of  a degree is e a s i l y  de- 
tec ted .  Prototype devices  have been operated s e v e r a l  
thousand hours  (with f requent  cycl ing)  without degrada- 
t ion. 
Conclusions 
Tnus f a r  I have given a b r i e f  o u t l i n e  o f  S i c  
semiconductor devices  and methods f o r - t h e i r  fabr ica-  
t i on .  The d a t a  g iven show t h a t  S i c  devices  are f e a s i -  
b l e  and have p r o p e r t i e s  t h a t  should be of  i n t e r e s t  t o  
s e v e r a l  high technology f i e l d s .  The ques t ion  then 
a r i s e s :  Why is t h e r e  s o  l i t t l e  i n t e r e e t  i n  t h i s  matt - 
rial today, and why a r e  the re  no SIC devices  cu r ren t )  
i n  use? 
I be l i eve  t h e r e  a r e  t h r e e  s p e c i f i c  reasons  f o r  
t h i s .  F i r s t ,  i n  t h e  l a t e r  1960's t h e r e  was a d e c l i n e  
i n  co rpora t e  and Government R&D funding due t o  econom- 
i c  condi t ions .  A t  t h i s  time. S i c  had not  cawed  ou t  
its niche i n  t h e  semigonductor device  market and thus  
was a prime c a n d i d a t e - f o r  any cutback. A second, some- 
what r e l a t e d ,  cause was t h e  d i sappea rawe  of the  small 
market where S i c  devices  d i d  have a chance t o  stake an 
impact. These were high technology a r e a s  such a s  near  
sun space missions,  supersonic  awl nrpersonic  a i r c r a f t ,  
e t c .  '&en these  markets disappeared. much ? ~ f  t h e  
i n t e r e s t  i n  S i c  a l s o  disappeared. .Finally.  t h e  f ab r i -  
ca t ior .  techniques f o r  S i c  devices  ( including growrh 
methods) d i d  not  improve appreciably  i n  t h e  tuent!. 
years  undar quest ion.  This  l ack  o f  progress  stay :.me 
been due t o  misplaced emphasis i n  device  programs, but  
t he  ne t  r e s u l t  was t h a t  t h e  f a b r i c a t i o n  techniques f u r  
S i c  dexrices improved only s l i g h t l y  i n  t h i s  time span. 
Now, whcre do we go from here?  I s e e  no v i a b l e  
market f o r  S i c  semiconductor devices  i n  t h e  near  fu- 
t u re .  Improved S i  devices.  b e t t e r  i n su la t ion .  improved 
c i r c u i t  des ign a l l  mi r iga te  a g a i n s t  any ex tens ive  use  
of S i c  devices .  This  ma; be viewed a s  an  unfor tunate  
circumstance t o  many of  us  vho were p ro fes s iona l ly  and 
emotionally involved with t h i s  i n t e r e s t i n g  m t e r i a l  
f o r  a number o f  years.  
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(d) "Self-mask" removed leaving finished structure 
Figure  5. Self-masked d i f f u s i o n  technique 
